Abstract: Gaucher disease (GD) is a heritable storage disorder caused by functional defects of the lysosomal acid β-glucosidase and the accumulation of glucosylceramide within macrophages, resulting in multiple organ dysfunction. There are three commercially available enzyme replacement therapy (ERT) products for the treatment of GD type 1 (GD1): imiglucerase, velaglucerase alfa, and taliglucerase alfa. Imiglucerase and velaglucerase alfa are produced in different mammalian cell systems; imiglucerase requires postproduction deglycosylation to expose terminal α-mannose residues, which are required for mannose receptor-mediated uptake by target macrophages. These steps are critical to the success of ERT for the treatment of visceral and hematologic manifestations of GD. Taliglucerase alfa is the first US Food and Drug Administration-approved plant-cell-expressed recombinant human protein, using carrot root cell cultures. Furthermore, it does not require postproduction glycosidic modifications. It is indicated for treatment of adults with GD1 in the US,
Introduction
Gaucher disease (GD) is a lysosomal storage disorder arising from mutations in the gene GBA1 encoding acid β-glucosidase (glucocerebrosidase [EC 3.2.1.45]). 1 It has an estimated prevalence of approximately 1 in 111,000 to 1 in 57,000, 1,2 with a higher prevalence noted within the Ashkenazi Jewish population of 1 in 855. 1, 3 Insufficient enzyme activity leads to accumulation of glucosylceramide and other glycosphingolipids within the lysosomes of various cells and tissues, which results in varying degrees of visceral and bone pathology, with neuronal involvement in a subset.
with GD type 1 have signs or symptoms during childhood, which include anemia, thrombocytopenia, hepatosplenomegaly, bone disease, pubertal delay, and growth retardation. 6, 7 Earlier onset correlates with more severe disease and a high risk of morbidity. Splenomegaly, hepatomegaly, and bone disease are each found in more than 80% of children at diagnosis. Anemia and moderate-to-severe thrombocytopenia, both found in approximately 40% of children, are caused by bone marrow infiltration and hypersplenism. 6 Growth and puberty are significantly delayed in ~60% of adolescents with untreated GD and is a significant disease burden, 7 which can have a considerable psychological impact.
In non-neuropathic GD, often described incorrectly as an adult disorder, the majority of patients manifest symptoms in childhood, with diagnosis usually established before age 20. 8 Enzyme replacement therapy (ERT) is recommended for patients, including children, with GD who manifest progressive signs and symptoms. Early intervention with ERT in symptomatic children may prevent the development of irreversible pathology. Treatment is also important to improve growth and reduce the impact of the disease on physical and psychosocial development. 6, 9 Successful treatment of GD requires targeting of the infused enzyme to lysosomes within macrophages. This occurs via uptake of appropriately glycosylated enzyme to permit efficient uptake by mannose receptors on the surface of macrophages. 10 Three ERTs are available for the treatment of Type 1 GD: imiglucerase, produced in a Chinese hamster ovary cell culture system; 11 velaglucerase alfa, produced in a human fibroblast cell system; 12 and taliglucerase alfa, an ERT produced in a plant-cell-based expression system. 13 Taliglucerase alfa is the first US Food and Drug Administration-approved plant-cell-expressed recombinant therapeutic protein. 13 It is indicated for treatment of adults with Type 1 GD in the US, Israel, Australia, Canada, Chile, Brazil, and other countries, and it is additionally approved for the treatment of pediatric patients in the US, Australia, and Canada and for the treatment of hematologic manifestations in pediatric patients with Type 3 GD in Canada. The plant cell production system allows for generation of appropriately glycosylated glucocerebrosidase without the need for postproduction enzymatic modification. Moreover, it is free from mammalian-derived components in the production process and cannot be contaminated with or propagate mammalian pathogens, and it also has a potentially lower manufacturing cost. [14] [15] [16] In the taliglucerase alfa clinical development program, a phase 1 study was conducted in six healthy adult volunteers. 17 Subsequently, patients with GD1 have been enrolled in several clinical studies, as well as compassionate use programs, to receive treatment with taliglucerase alfa. All of the clinical trials have been completed (Table 1) . 3, [18] [19] [20] [21] [22] [23] The studies were carried out in a number of medical centers worldwide and were designed to assess the safety and efficacy of taliglucerase alfa in both adult and pediatric patients who were ERT-naive or ERT-experienced and switched from imiglucerase to taliglucerase alfa. 3, [18] [19] [20] [21] [22] [23] [24] Treatment was generally well tolerated, and all drug-related adverse events (AEs) were mild/moderate and transient.
The objective of this review is to discuss the published data on pediatric population from these studies.
Patients and methods
The safety and efficacy of taliglucerase alfa have been examined in Studies PB-06-002 in patients previously treated with imiglucerase through 9 months, PB-06-005 in treatmentnaive pediatric patients through 12 months, and in extension study PB-06-006 for an additional 24 months, for a maximum duration of 33-36 total months of treatment ( Figure 1 ).
PB-06-005 was a phase 3B multicenter, randomized, double-blind, 2-dose trial of taliglucerase alfa (30 and 60 U/kg per infusion every other week) in pediatric patients (aged 2 to <18 years) through 12 months (US National Institutes of Health www.clinicaltrials.gov identifier NCT01132690). Male and female patients aged 2 to <18 years were required to have a diagnosis of GD with leukocyte acid β-glucosidase activity level ≤30% of the mean activity of the reference range for healthy individuals. Patients were eligible if they were determined in need of treatment with ERT based on clinical condition and the opinion of the local investigator and had neither received ERT in the past or within the previous 12 months and had a negative anti-glucosidase antibody assay assessment, nor been treated with substrate reduction therapy for GD in the past 12 months. The trial was conducted at 3 centers from August 2010 until May 2012. Eleven patients were randomized to receive taliglucerase alfa 30 U/kg or 60 U/kg per infusion every other week for 12 months and all 11 completed the study. 3 PB-06-002 was a Phase 3, multicenter, open-label, switchover trial (US National Institutes of Health www.clinicaltrials. gov identifier NCT00712348) designed to assess the safety and efficacy of the switch to treatment with taliglucerase alfa in adults and pediatric patients through 9 months. Eligible patients included males and females (≥2 years of age) with a diagnosis of stable GD and leukocyte glucocerebrosidase (β-glucosidase) activity level ≤3 nmol/mL/h (≤30% of the mean activity of the reference range). 
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Taliglucerase alfa in pediatric type 1 GD Stable GD was initially defined as follows:
1. stable hemoglobin concentration during the 12-week stability evaluation period, with no value >15% below or above the mean value of the stability evaluation period measurements or the mean historical value for patients affected by the shortage; 2. stable platelet count during the stability evaluation period, with no values outside the defined range below or above the mean value of the stability evaluation period measurements or the mean historical value (>40% below or above the mean value if the mean value was >120,000 or >20% below or above the mean value if the mean value was ≤120,000);
3. no major surgery in the last year; 4. no blood transfusion; 5. no major bleeding episode; 6. no acute avascular necrosis in the last year; and 7. no evidence of worsening spleen or liver enlargement as detected by palpation, ultrasound, or magnetic resonance imaging (MRI) over the last year while being treated with ERT.
The stability definition was amended to allow the use of 6 historical hemoglobin concentration values and platelet counts for patients affected by the 2009 global imiglucerase shortage. 23 Patients were required to have received imiglucerase therapy for at least the last 2 years and were currently 
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Gupta and Pastores on a stable maintenance regimen (ie, dose had not been changed except for a situation that arose because of the drug shortage) for at least the last 6 months prior to enrollment. The study was conducted at 11 medical centers worldwide from December 2008 until January 2013. Taliglucerase alfa was administered by intravenous infusion over 1-2 h at 2-week intervals at the dosage equal to the patient's imiglucerase dose at screening or prior to the imiglucerase shortage. Of the 31 patients allocated to taliglucerase alfa, 5 were pediatric patients, and all 5 of them completed the study. 23 PB-06-006 was a multicenter extension study. Patients who completed Studies PB-06-005 and PB-06-002 were eligible for inclusion in Study PB-06-006 (US National Institutes of Health www.clinicaltrials.gov identifier NCT01411228). The trial ran from September 2011 to July 2014. The patients continued to receive the same dose of taliglucerase alfa as in the original studies for a maximum additional 24 months. Fifteen patients were enrolled in the study, and 11 completed it.
22,25

Safety assessments
Safety assessments included the incidence and severity of AEs, the incidence of serious AEs (SAEs), the presence of anti-taliglucerase alfa antibodies, changes upon physical examination, and changes in clinical laboratory values, electrocardiogram, echocardiogram, and pulmonary function tests. AEs were assessed at all study visits. Immunogenicity analysis of patient samples included testing of anti-taliglucerase alfa-specific immunoglobulin G, immunoglobulin E, and neutralizing antibody activity assessment, which was conducted using both an in vitro and a cell-based neutralizing Figure 1 PB-06-002 was a switchover study from imiglucerase to taliglucerase alfa.
Notes:
a Patient had GD Type 3c and cardiac involvement requiring intervention due to decompensation. b Patients did not reach 33 total months of treatment due to early closure of study. Patients were either maintained on the same dose as received on imiglucerase, or if they were on <60 U/kg of imiglucerase, dose could be increased based on medical condition and at the investigator's discretion. The five pediatric patients who completed this trial were enrolled in the PB-06-006 trial. Of these, one was lost to follow-up, two completed the 24 months duration of the extension trial, and two completed only 18 months of the extension trial due to early closure of the study; however, both patients continued to receive therapy through the compassionate use program. PB-06-005 involved the treatment of naïve pediatric patients who received either 30 or 60 U/kg of taliglucerase alfa for 12 months. Out of the 11 patients who completed the PB-06-005 trial, 10 were enrolled in the PB-06-006 extension trial. One patient had Type 3c GD and cardiac involvement requiring intervention due to decompensation and was not recruited into the extension phase, one patient dropped out from the trial, and nine patients completed the PB-06-006 extension trial. Out of the 15 patients enrolled in the PB-06006 extension trial, 11 completed. Reprinted from Blood Cells Mol Dis. 
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Taliglucerase alfa in pediatric type 1 GD antibody assay. Growth and developmental assessments in patients <18 years of age included height and weight for growth evaluation, growth velocity, bone age by X-ray of left hand and wrist, and Tanner stage for sexual development. Occurrence of bone events, including bone crises, was part of the analysis of AEs.
3,22-25
Efficacy assessments
In the PB-06-002 ('switch') study, the primary efficacy outcome was clinical stability during treatment with taliglucerase alfa. Clinical deterioration as assessed by platelet counts, hemoglobin concentration, spleen volume, and liver volume were defined as follows: 1) a decrease in platelet count of > 20% from the mean of 6 stability evaluation period for values ≤ 120,000 and a >40% reduction from the mean of 6 stability evaluation period for values of >120,000; or 2) a decrease in hemoglobin concentration >20% from the mean of 6 stability evaluation period values; or 3) an increase in spleen volume >20% by MRI from baseline to month 9; or 4) an increase in liver volume >10% by MRI from baseline to month 9. Secondary efficacy outcomes included assessment of the disease biomarkers chitotriosidase (activity) and CCL18 (concentration). 23 In the PB-06-005 ('naive-pediatric') and PB-06-006 ('extension') studies, the primary end point was the median percent change in hemoglobin concentration from baseline and the interquartile range of median percent change in hemoglobin levels from baseline. Secondary end points included the percent changes from baseline in spleen volume, liver volume, platelet counts, and either chitotriosidase or CCL18 activity.
Exploratory end points included change in height, weight, puberty, and bone age (based on radiograph of the left hand and wrist); occurrence of bone events including bone crises; and quality of life using Child Health Questionnaire TM (healthactchq, Inc., Boston, MA, USA; valid for patients aged 5-18 years).
3,22
Results
All five pediatric patients, enrolled in the switch study, completed the study. Disease parameters including hemoglobin concentration, platelet count, spleen volume, liver volume, and biomarker activity remained stable through 9 months of treatment. 23 In the naive-pediatric study for treatment naive pediatric patients, six were randomized to the 30 U/kg dose arm and five were randomized to the 60 U/kg dose arm. All 11 pediatric patients completed the study. Results through 12 months in these pediatric patients demonstrated that taliglucerase alfa infusions q 2 weeks at 30 and 60 U/kg, respectively, increased median hemoglobin concentration (by 12.2% and 14.2%, respectively) and mean platelet count (by 30.9% and 73.7%, respectively), while also reducing mean spleen volume, liver volume, and chitotriosidase activity. 3 Patients who completed the naive-pediatric and switch studies were eligible for inclusion in the pediatric extension study. The patients continued to receive the same dose of taliglucerase alfa as in the original studies, but for a maximum additional period of 24 months. Fifteen patients were enrolled in the study and were equally divided among the different treatment groups: 30 U/kg arm (n-5), 60 U/kg arm (n-5), and the dose-adjusted switchover arm (n-5). Patients' mean age was 12 years, approximately two-thirds were male, 13 were Caucasian, and one was a Pacific Islander; ethnicity was not provided by one patient. 23 Of the 11 patients who completed the naive-pediatric study, 1 patient who had type 3c GD did not enroll in the pediatric extension study because of worsening of cardiac valve involvement requiring intervention; however, this patient continued taliglucerase alfa treatment in a compassionate use program. Of the 10 patients from the naive-pediatric study who enrolled in the pediatric extension study, 9 completed 36 total months of treatment; 1 patient withdrew voluntarily (parents were unhappy with the child's growth). All five patients who were previously treated with imiglucerase and completed taliglucerase alfa treatment in the switch study were enrolled in the pediatric extension study. Of these, one patient was lost to follow-up. Based on results from previous and current studies confirming the efficacy and safety of taliglucerase alfa and to ease the burden of clinical studies for pediatric patients, the sponsor decided to close the extension study prematurely. At that point, two patients who switched from imiglucerase completed 18 months of treatment in the pediatric extension study (27 total months of treatment) and continued treatment under a compassionate use program. 25 
Efficacy
Hemoglobin concentration
In the switchover study, the change in mean hemoglobin after a total of 33 months of treatment was from 13.5 to 14.5 g/ dL, corresponding to a 3.3% increase. In the treatment-naive group, the change in mean hemoglobin was from 11.2 to 13.2 and 10.6 to 12.7 g/dL in the 30 and 60 U/kg dose arms, respectively, after completing a total of 36 months on taliglucerase alfa. 25 These changes correspond to an increase in hemoglobin concentration of 19.7% and 23.3%, respectively.
Platelet count
In the switchover study, the change in mean platelet count after a total of 33 months of treatment was from 164,587 to 210,000/mm 3 , corresponding to a 2.3% increase. In the treatment-naive arm, the change in mean platelet count was from 182,000 to 220,200/mm 3 and from 99,600 to 243,750/ mm 3 in the 30 and 60 U/kg dose arms, respectively, after completing a total of 36 months on taliglucerase alfa. 25 These changes correspond to an increase in platelet count of 23.9% and 156.6%, respectively.
Spleen volume
In the switchover study, the change in mean spleen volume after a total of 33 months of treatment was from 4.1 to 1.7 multiples of normal (MN), corresponding to a 5.3% decrease. In the treatment-naive arm, the change in mean spleen volume was from 23.9 to 9.0 MN and from 29.4 to 6.6 MN in the 30 and 60 U/kg dose arms, respectively, after completing a total of 36 months on taliglucerase alfa. 25 These changes correspond to a decrease in spleen volume of 67.8% and 68.9%, respectively.
Liver volume
In the switchover study, the change in mean liver volume after a total of 33 months of treatment was from 1.3 to 0.9 MN, corresponding to an 8.8% decrease. In the treatment-naive arm, the change in mean liver volume was from 1.9 to 1.3 MN and from 2.2 to 1.5 MN in the 30 and 60 U/kg dose arms, respectively, after completing a total of 36 months on taliglucerase alfa. 25 These changes correspond to a decrease in liver volume of 37% and 34.3%, respectively.
Chitotriosidase
In the switchover study, the change in chitotriosidase activity after a total of 33 months of treatment was from 10,432 to 370.5 nmol/mL/h, corresponding to a 97.1% decrease. In the treatment-naive arm, the change in mean biomarker activity was from 30,783 to 7,640.6 nmol/mL/h and from 34,968 to 5,204.0 nmol/mL/h in the 30 and 60 U/kg dose arms, respectively, after completing a total of 36 months on taliglucerase alfa. 25 These changes correspond to a decrease in chitotriosidase activity of 72.2% and 84.4%, respectively.
Growth
After completion of 9 months of treatment with taliglucerase alfa in the switchover trial, there was an increase in mean height and weight in pediatric patients. Mean growth velocity for the five pediatric patients was estimated to be 4.2 cm per year. Bone age increased age appropriately from baseline to month 9. 23 In patients who switched from imiglucerase and completed the pediatric extension study, the height velocity through the end of the study (or last visit if a patient did not complete the study) revealed mean (standard error, SE) rates of 2.5 (0.7) cm/yr (n=5). Two patients who switched from imiglucerase advanced from Tanner stage 3 and 2, respectively, to stage 4 by the end of the study. 25 After completion of 12 months of treatment with either 30 U/kg or 60 U/kg of taliglucerase alfa in the naive-pediatric trial, increases in height and weight were seen in both dose groups. Mean growth velocity was estimated to be 5.1 and 8.0 cm/yr in the 30 and 60 U/kg treatment arms, respectively. 3 All growth parameters were physiological and increased proportionally with age.
In treatment-naive patients who completed the pediatric extension study, the height velocity through the end of the study (or last visit if a patient did not complete the study) revealed mean (SE) rates of 5.5 (0.8) cm/yr with 30 U/kg (n=5) and 6.7 (0.6) cm/yr with 60 U/kg (n=5). 25 The pubertal status did not change during this extension study for most patients. All treatment-naive patients were ≤ 10 years of age at baseline; nine patients were at stage 1 and one patient was at stage 3. Two patients treated with taliglucerase alfa 30 U/kg had pubertal advancement; one patient progressed from Tanner stage 1 at baseline to stage 2 by 12 months and continued to advance to stage 3 by the end of this study. The other patient advanced from Tanner stage 3 to stage 4 by 18 months. 25 At baseline, in the treatment-naive patients, bone age for all treated patients was considered to be delayed relative to chronological age, except for one 13-year-old patient, whose bone age was equivalent to chronological age at baseline. After 12 months of treatment with taliglucerase alfa in the nine pediatric patients evaluated, bone age advancement of 1-4 years was noted. 3 At the completion of the extension study, bone age increased from baseline by a mean (SE) of 3.6 (0.9) years (range, 1.5-6.5 years) over the 36 months of the combined study for the 30 U/kg cohort (n=5) and by 4.6 (0.6) years (range, 3.0-5.5 years) for the 60 U/kg cohort (n=4) in treatment-naive patients. For three patients who switched from imiglucerase and had baseline bone age measurements, bone age increased by a mean (SE) of 2.3 (0.3) years (range, 2.0-3.0 years) by 24 months (no data available over 33 months). 
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Taliglucerase alfa in pediatric type 1 GD Z-scores from bone mineral density analysis by dual energy X-ray absorptiometry showed mean decreases at the lumbar spine of −0.20 and femoral neck of −0.30 in the taliglucerase alfa 30-U/kg dose group, whereas mean increases at the lumbar spine of 0.27 and femoral neck 0.20 in the taliglucerase alfa 60-U/kg dose group were noted. 3 Based on the responses to the Child Health Questionnaire for Quality of Life assessment, which was performed for treatment-naive patients compared to baseline, more parents/ guardians rated their children's global health as very good or excellent after 12 months of treatment with taliglucerase alfa. 3 Subsequently more parents/guardians rated their children's global health as "very good" at 36 months (7/9) than at baseline (1/9).
25
AEs/safety
Four of the five pediatric patients who received treatment with taliglucerase alfa in the switch study experienced a total of nine AE. The most commonly experienced AEs (ie, occurring in >10% of patients) were nasopharyngitis, infusion-related reaction, arthralgia, and headache. No severe AEs were reported by any pediatric patients. 23 In the naive-pediatric study, two patients in the 60-U/kg treatment group experienced eight events that were considered to be treatment-related by the investigator. These events were itchy throat, chest discomfort, gastroenteritis, and vomiting. One patient in the taliglucerase alfa 60-U/kg group experienced an SAE during the first infusion visit (gastroenteritis, requiring hospitalization for rehydration) that resolved after 1 day (and recurred as a nonserious AE). No patient withdrew from this trial due to an AE. 3 In the pediatric extension study, one patient contracted dengue fever, which was considered an SAE. The other AEs reported were lymphadenopathy in three patients, ear pain in two patients, abdominal pain in three patients, diarrhea in three patients, upper respiratory tract infection in four patients, nasopharyngitis in three patients, pain in extremity in three patients, headache in four patients, and cough in four patients.
25,26
Discussion
The combined results from the three studies in pediatric patients demonstrated clinically significant improvements in hemoglobin concentration and platelet count, and a decrease in spleen and liver volumes, as well as in the GD plasma biomarkers chitotriosidase and CCL18. Responses were observed as early as 3 months from the start of therapy and continued through the extension period. 3, 25 In the switch population, primary efficacy parameters were generally stable over time. 23 The efficacy results in the pediatric population from both the switch and naive taliglucerase alfa clinical trials followed by the extension trial reflect those seen in the phase 3 pivotal taliglucerase alfa clinical trial in adults as well as the combined extension study population. 3, [21] [22] [23] [24] [25] The improvements in visceral and hematologic manifestations of GD observed during the 33-36 months of treatment with taliglucerase alfa in the overall pediatric population were generally consistent with findings for pediatric patients receiving imiglucerase and velaglucerase alfa. 6, 27 Taliglucerase alfa infusions were shown to have a positive safety profile in children and adolescents throughout the studies. The safety results in the pediatric population reflect those seen in the pivotal phase 3 trial in adults, as well as in the extension study, although vomiting was reported more often in the pediatric population. 3, [21] [22] [23] [24] [25] No new safety concerns were identified in the pediatric subgroup. No SAE were deemed related to taliglucerase alfa, and no patients withdrew from the study because of an AE.
Bone involvement is a serious and debilitating aspect of GD that can lead to complications such as growth retardation and skeletal deformity in children. 6 Bone involvement begins early in life and low bone mineral density may be observed as early as 5 years of age, and is putatively most prevalent in adolescence. 3 Pubertal delay is an additional feature of pediatric GD. 6 Achieving optimal peak bone mass and minimizing bone-related disease manifestations are vital in preventing long-term morbidity, which can adversely affect quality of life. 3, 6 In these studies, assessment of growth and development included measurements of changes in height, weight, bone age, bone mineral density, puberty, occurrence of bone crises, and quality of life. Increases were seen in both the switch and naive taliglucerase alfa patients in mean height, weight, and bone age consistent with a positive benefit of early treatment to enable normal growth. 3, 25 While the interpretation of the reported findings may be limited by both the small number of patients and overall duration of studies (33-36 months), the positive results are reflective of the collective experience that children respond similarly to adults to ERT for GD at a weight-based dosage.
3,6,
Conclusion
Taliglucerase alfa treatment had a positive effect on key efficacy parameters in children with GD, which included improvement in growth, hematological, and visceral manifestations. Treatment was well tolerated, and no unexpected safety concerns were identified. The production process of the plant-cell-expressed enzyme introduces benefits such as the inability to be contaminated with or propagate mammalian pathogens, along with a potentially lower manufacturing cost. The cost to benefit ratio and greater safety may help address rising concerns regarding health care expenditure for orphan diseases. Increased clinical experience will demonstrate the extent to which taliglucerase alfa is incorporated in the therapeutic armamentarium for GD.
